Introduction
Since our last update in 2006 [1] , there has been continued interest in the physiological, nutritional and clinical aspects of low-carbohydrate diets. Although most studies are still of short-term duration, the metabolic and clinical effects of altering the macronutrient content of the diet are becoming more understood. Recent studies have focused on changes in physiological function, body weight and body composition, lipid and lipoprotein metabolism, and long-term disease risk. It is noteworthy that the intensity of interest in low-carbohydrate diets continues to rise and has primarily occurred after the untimely 2003 death of its most outspoken supporter, Dr Robert Atkins. Despite his personal beliefs about the health risks of consuming too much carbohydrate, it is methodologically difficult to isolate the independent effects of dietary carbohydrate from the other two major macronutrients, fat and protein. If the diet is to remain isocaloric (weight neutral), a reduction in carbohydrate must be balanced by an increase in fat or protein.
Furthermore, if weight loss occurs, the effects resulting from this dynamic change are likely to confound interpretation of changes in carbohydrate reduction. It is important to keep these key concepts in mind when interpreting the studies reviewed in this article.
Appetite regulation
Recent studies have focused on the physiological adaptations that occur during low-carbohydrate, high-protein diets [2] . Reduced hunger through alterations in gut hormones, delayed gastric emptying and improved insulin resistance are suggested mechanisms through which low-carbohydrate diets exert their effects [2,3 ,4] . In a 12-week study by Hayes and Miller [5 ] , men and women with the metabolic syndrome were instructed to follow a low-carbohydrate diet with two phases similar to the South Beach diet. Phase I was very low carbohydrate (10% carbohydrate, 60% fat, 30% protein) and phase II was more moderate in carbohydrates (40% carbohydrate, 30% protein, 30% fat). Both diets were isocaloric. Fasting and postprandial levels of serum leptin, insulin, ghrelin and cholecystokinin were measured at baseline and after the completion of phase I and phase II. Dietary intake and hunger were also assessed following each phase (Fig. 1) . Plasma fasting insulin decreased overall and was significantly associated with increased dietary protein (P < 0.02) but not with reduced carbohydrate intake. Both fasting leptin and ghrelin increased and were not associated with any changes in macronutrient composition. Postprandial cholecystokinin levels rose compared with baseline and were associated with higher consumption of dietary protein but not reduced intake of carbohydrates. Patients reported increased hunger throughout the intervention but significantly reduced energy intake overall from baseline. The authors suggest that these findings demonstrate the role of high-protein, lowcarbohydrate diets in altering measures of adiposity as well as gut peptides that influence satiety and intake. Recent reviews have discussed the role of dietary protein in calorie reduction through improved satiety [1, 2, 3 ]. More long-term studies are needed, however, to determine if high-protein diets produce greater weight loss overall compared with calorie-reduced diets. While higher protein diets appear to impact appetite, the mechanisms by which protein increases satiety are not understood.
To further investigate the impact of dietary protein on metabolism and satiety in healthy females, Lejeune Manuela and Westerterp [6 ] measured the effects of a high-protein diet on satiety, gut hormones and substrate metabolism. In this single-blind, randomized crossover design, women participated in two experimental sessions in a respiration chamber. Prior to each session, they were provided with 3 days of isocaloric test diets that were either low carbohydrate, high protein (40% carbohydrate, 30% protein, 30% fat) or adequate protein (60% carbohydrate, 10% protein, 30% fat). Metabolic studies included measurement of thermic effect of food and substrate oxidation, activity-induced energy expenditure (AEE) and sleeping metabolic rate (SMR). Blood was sampled for repeated measures of plasma ghrelin and glucagon-like peptide (GLP-1) and appetite assessed by questionnaire.
With the exception of AEE, all measures of energy expenditure were higher in the high-protein diet group (P < 0.05). Higher protein intakes were also associated with increased satiety and diminished hunger (P < 0.05). Between the different diets, no significant difference was found in plasma ghrelin, although levels diminished following the adequate protein meal more so than in the high-protein meal. While GLP-1 increased after Low-carbohydrate, high-protein diets Kushner and Doerfler 199 Figure 1 Fasting and postprandial levels of serum insulin, leptin, ghrelin and cholecystokinin were measured at baseline and after the completion of phase I and phase II lunch and dinner in both diets, the largest increases were observed in the high-protein group. The authors concluded that adequate dietary protein improves satiety, decreases hunger and does so without changes in energy intake by influencing metabolism and appetite hormones directly. Increasing dietary protein versus simply restricting dietary carbohydrate may be essential to reduce cravings and improve satiety. This is consistent with the observation that restrained eaters who limit dietary carbohydrate alone experience greater carbohydrate cravings and diminished satiety more so than protein restrictors [7] .
Body weight and body composition
Two metaanalyses of the effects of low-carbohydrate diets on weight loss and body composition have recently been published. Krieger et al. [8 ] determined the effects of variation in protein and carbohydrate intakes on body weight and body composition from a total of 87 studies comprising 165 intervention groups that ranged from 4 to 24 weeks in duration. By including carbohydrate and protein intake as predictors in multilevel regression models, they were able to determine the independent contributions of these macronutrients across a large number of studies. The results of their analysis are shown in Table 1 . They concluded that in these short-term studies low-carbohydrate diets may increase the loss of body weight, fat-free mass, fat mass and percentage of body fat during weight reduction compared with traditional diets. They also found that protein intake was a significant predictor of fat-free mass retention with a daily protein intake greater than 1.05 g/kg associated with optimal retention.
In a second metaanalysis, Nordmann et al. [9 ] identified five randomized controlled trials of at least 6 months' duration that included a total of 447 individuals. All participants in the trials were free living and randomized to either a low-carbohydrate or low-fat diet. After 6 months, individuals assigned to low-carbohydrate diets lost more weight than those on low-fat diets (weighted mean difference À3.3 kg, P ¼ 0.02). After 12 months, however, there was no significance difference between diets (weighted mean difference À1.0 kg, P ¼ 0.15).
In a head-to-head comparison of four popular diets that represent a spectrum of carbohydrate intake, Gardner et al. [10 ] randomized 311 free-living overweight/obese premenopausal women to the Atkins, Zone, LEARN or Ornish diets in a 12-month prospective study. Women met with a registered dietician for 1 h weekly classes for the first 8 weeks. The mean 12-month weight change was À4.7 kg for Atkins, À1.6 kg for Zone, À2.2 kg for LEARN, and À2.6 kg for Ornish. There were no significant differences in weight loss at any time point among the Zone, LEARN, and Ornish diets. Although the Atkins group lost more weight, the magnitude of weight loss was modest. To answer the question of whether ketosis has a metabolic advantage, the effect of a ketogenic low-carbohydrate (KLC) diet compared with a nonketogenic low-carbohydrate (NLC) diet on weight loss was conducted by Johnston et al. [11] . Twenty obese individuals were randomized to a 1500 kcal diet and to limit carbohydrate to 9% (KLC) or 42% (NLC) of total energy. At the end of the 6-week trial, mean total weight loss and fat loss did not differ significantly between diet groups (À6.3 versus À7.2 kg, respectively). In sum, studies thus far suggest that low-carbohydrate, high-protein diets may have advantages over high-carbohydrate, lower-protein diets for weight loss and fat loss in shortterm trials. The difference is modest, however, and reduces over time. The protein content of diet rather than the severity of carbohydrate restriction may be a more important factor. As demonstrated by an earlier study by Dansinger et al. [12] , sustained adherence to the diet rather than diet type is likely to be the best predictor of weight loss outcome.
Lipids and lipoproteins
In the metaanalysis of Nordmann et al. [9 ] , intention-totreat summary estimates of weighted mean differences after 12 months in high-density lipoprotein cholesterol (HDL-C) and triglyceride values showed favorable responses resulting from low-carbohydrate diets (for HDL-C, 3.1 mg/dl and for triglycerides, À31.0 mg/dl). In contrast, weighted mean differences after 12 months for total cholesterol and low-density lipoprotein cholesterol (LDL-C) showed unfavorable responses for lowcarbohydrate diets (for total cholesterol, 10.1 mg/dl and for LDL-C, 7.7 mg/dl).
To characterize the separate effects of reduced carbohydrate intake and weight loss on atherogenic dyslipidemia, Krauss et al.
[13 ] conducted a meticulous study among 178 overweight or obese men. In this 13-week trial, men were randomly assigned to four diets: 54% carbohydrate, low saturated fat; 39% carbohydrate, low saturated fat; 26% carbohydrate, low saturated fat; or 26% carbohydrate, high saturated fat. Body weight was held constant for the first 3 weeks, followed by 5 weeks of weight loss and 4 weeks of weight stability. During the initial weight stable phase, men in the 26% carbohydrate diet group had a significantly greater reduction in total cholesterol, LDL-C, triglyceride, apolipoprotein B, and small LDL mass compared with men who consumed the 54% carbohydrate diet. After the weight loss and restabilization phase of around 5 kg, there were minimal additional changes in the 26% carbohydrate diet group but significantly greater decreases in the 54% carbohydrate diet group. This study clearly demonstrates that moderate carbohydrate restriction, independent of weight loss, has beneficial short-term effects on atherogenic dyslipidemia that are nearly equivalent to the effects of weight loss on a higher carbohydrate diet [14, 15] .
In a 12-week study by Wood et al. [16] the authors demonstrated that a diet with a greater carbohydrate restriction ($10% carbohydrate) resulted in 8.9% reduction in LDL-C, 38.6% reduction in triglycerides, and 12% increase in HDL-C. Similar beneficial changes in lipids and lipoproteins were seen in a 6-month outpatient trial by Westman et al. [17] . These studies and others [18, 19] confirm that increases in the relative proportion of carbohydrate result in dyslipidemia, characterized by high triglyceride and very low-density lipoprotein cholesterol (VLDL-C) concentrations, low HDL-C concentrations, and small dense LDL-C particles [20] , and that institution of low-carbohydrate diets has beneficial effects on reversing these abnormalities.
Glycemic index and glycemic load
Several studies and one metaanalysis were recently published that address the impact of the type of carbohydrate on body weight and metabolic profile. Not all carbohydrates are alike. The glycemic index factor is a ranking of foods based on their overall effect on blood sugar levels. The glycemic load of a food is calculated as the carbohydrate content (g) multiplied by the glycemic index value of the food and divided by 100. The total glycemic load of a menu is the sum of all the individual glycemic load values for the foods in the menu [21 ] . Three randomized trials of varying glycemic load investigated the effect on weight loss and cardiovascular risk factors.
In the first study, Das et al. [22] conducted a 1-year study randomizing 34 overweight men and women to either a high glycemic load diet (60% carbohydrate, 20% fat, 20% protein) or a low glycemic load diet (40% carbohydrate, 30% fat, 30% protein), both reduced by 30% total calories for weight loss. All food was provided for 6 months. There was no statistically significant difference between groups in mean energy intake, percentage weight loss (-7.81 for low glycemic load and -8.04 for high glycemic load), body fat loss, or resting metabolic rate throughout the 12-month trial. Thus, the authors concluded that diets differing substantially in glycemic load induce comparable long-term weight loss.
In the second study, McMillan-Price et al. [23] randomized 129 overweight or obese adults to one of four reduced fat, high-fiber diets for 12 weeks of a defined glycemic load. Diets 1 and 2 were high carbohydrate (55% total energy), while diets 3 and 4 were high protein (25% of total energy); all diets aimed for the same fat content (30% total energy). The diets were further defined as containing high and low glycemic index carbohydrate, respectively. All four diets resulted in significant reductions in body weight of 4.2-6.2% (no significant differences between groups). In a subanalysis of women, glycemic index had a significant different effect in the high-carbohydrate diets (lowering the glycemic index doubled the fat loss from 2.8 kg to 4.5 kg) than in the high-protein diet. Overall, women instructed to follow the low glycemic index, high-carbohydrate diet produced the best clinical outcome, reducing both fat mass and LDL-C levels. The authors concluded that glycemic load, and not just overall macronutrient content, influences weight loss, particularly in women.
In the third study, Ebbeling et al. [24] randomized 73 young adults to receive ad libitum a low glycemic load diet (40% carbohydrate and 35% fat) versus a low-fat diet (55% carbohydrate and 20% fat) for 6 months with a 12-month follow up. Insulin secretion was measured at baseline after an oral glucose tolerance test (OGTT). Weight loss and body fat percentage did not differ between diet groups for the full cohort. Among those in the high-insulin concentration stratum at baseline, however, the low glycemic load group achieved greater overall weight loss at 18 months (À5.8 kg versus À1.2 kg, P ¼ 0.004) compared with the low-fat group. The authors concluded that the main finding of their study is that a simple measure of insulin secretion predicted body weight and fat loss on low glycemic load and low-fat diets. For those individuals with a high insulin concentration at 30 min following an OGTT, the low glycemic load diet was more efficacious for weight loss.
A review of six studies on low glycemic index or glycemic load diets for overweight and obesity conducted by the Cochrane Collaboration [20] concluded that loss of weight and fat mass was significantly greater in participants receiving low glycemic diets compared with those receiving the comparison diet (weighted mean difference À1.1 and À1.1 kg, respectively), as well as the fall in total cholesterol and LDL-C. Although these results appear modest in group analysis, the studies by McMillan-Price et al. [23] and Ebbeling et al. [24] suggest that glycemic index and glycemic load may be important in using a dietphenotypic approach to weight management.
Safety, mortality and long-term outcomes
Two long-term longitudinal observational cohort studies examined the effects of low-carbohydrate diets on coronary heart disease and mortality. In the Nurses' Health Study [25] , 82 802 women, aged 30-55 years at baseline, were followed for 20 years for development of coronary heart disease. Data from food-frequency questionnaires were used to calculate a low-carbohydrate diet score, which was based on the percentage of energy as carbohydrate, fat, and protein. On average, BMI increased by around 2.5 units from baseline, regardless of the lowcarbohydrate diet score. In a stratified analysis [26] , a low-carbohydrate diet score was not associated with a risk of coronary heart disease. In a second study, 42 237 women, aged 30-48 years at baseline, were tracked over 12 years in the Women's Lifestyle and Health cohort study from Sweden. Food frequency questionnaires assessing frequency of consumption and quantity of intake of 11 food groups were used to categorize women by carbohydrate and protein intake. The authors found that the additive low-carbohydrate, high-protein score was positively associated with an increase in overall mortality by 11%, mostly accounting for an increase of 37% in cardiovascular mortality. In an accompanying editorial, Willett [27] addressed the discrepancy in results between these two studies, citing differences in age at baseline, potential differences in insulin resistance, the use of different dietary score calculations, and types of carbohydrate consumed among the two populations. The long-term results of choosing a low-carbohydrate, highprotein diet remain uncertain; also some currently advocate its use as a prudent approach to the prevention and treatment of diabetes, heart disease, and obesity [28] .
One area of continued interest is the impact of lowcarbohydrate, high-protein diets on renal health. The relationship between high-protein diets and renal hemodynamics has been discussed [1, 29, 30] . It has been previously suggested that vegetarian proteins do not influence the progression of renal disease in the same way as animal-based proteins. Current reviews suggest a predominately or exclusively vegetable-based protein diet may not protect against progression of chronic kidney disease (CKD) and may even accelerate CKD if total amounts consumed are greater than 1 g/lb body weight [29] .
Conclusion
There has been continued interest in the use of lowcarbohydrate diets for treatment of obesity. Recent scientific research suggests that low-carbohydrate, highprotein diets impact weight loss and metabolic parameters by influencing gut peptides that reduce hunger and intake. Low-carbohydrate, high-protein diets appear to be more efficacious in lowering BMI, improving lipid levels and controlling satiety in the short term compared with low-fat diets. Choosing healthy carbohydrates with a lower glycemic index presents an alternative nutritional approach to low-carbohydrate, high-protein diets that may be most beneficial for women with insulin resistance. Increases in dietary protein may be more beneficial than carbohydrate restriction alone in terms of increasing satiety and metabolic advantage. More long-term data are needed on the safety of highprotein diets for renal and cardiovascular health.
